Abstract. The versican family is important in the modulation of inflammation, however, the role of versican V1 (V1) in lipopolysaccharide (LPS)-induced acute lung injury (ALI) and the underlying mechanisms remain to be elucidated. To investigate this, the present study performed experiments in male C57BL/6J mice, which were randomly divided into a normal control group (control; n=6), an LPS-stimulated ALI group (LPS; n=6), a scramble small interfering (si)RNA group (scramble; n=6), a V1-siRNA group (V1-siRNA; n=6), a scramble siRNA and LPS-stimulated group (scramble+LPS; n=6) and a V1-siRNA and LPS-stimulated group (V1-siRNA+LPS; n=6). On day 1, the mice were anesthetized, and 5 nmol scramble siRNA or V1-siRNA were administered intratracheally. On day 3, LPS (1 mg/kg) or phosphate-buffered saline (50 µl per mouse) were injected intratracheally. All the mice were anesthetized and sacrificed on day 4, and samples were collected and analyzed. The mRNA and protein expression levels were examined using reverse transcription-quantitative polymerase chain reaction analysis, immunohistochemical staining and western blot analysis. ALI was evaluated based on lung injury scores, cell counts and total protein concentrations in the bronchoalveolar lavage fluid (BALF). Inflammatory mediators were detected using an enzyme-linked immunosorbend assay. V1 was increased by LPS in the mouse ALI model, whereas specific V1 knockdown induced higher lung injury scores, and higher total cell counts and protein concentrations in the BALF. Tumor necrosis factor-α (TNF)-α was upregulated, and interleukin-6 exhibited an increasing trend. The expression of toll-like receptor 2 (TLR2), but not TLR4, increased, and the nuclear factor (NF)-κB pathway subunit, P65, was phosphorylated. Taken together, the expression of V1 was upregulated by LPS, and V1 inhibition resulted in the aggravation of LPS-induced ALI via the activation of TLR2-NF-κB and release of TNF-α.
Introduction
Extracellular matrix (ECM) contributes to the overall mechanical properties of tissues. ECM is also considered to modulate disease progression, and current understanding of the modulatory function of ECM suggests that the stiffness of the ECM affects tumor cell progression (1) . Tumorassociated ECM remodeling is characterized by increased ECM deposition and the stiffness of the matrix, which leads to persistent migration and tissue invasion of cancer cells (2) . It is known that ECM is involved in cell movement, attachment, proliferation and differentiation, and in orchestrating inflammation (3) (4) (5) (6) (7) . Versican is a large ECM proteoglycan, encoded on human chromosome 5 and spanning >90kb. There are globular structures at the N-terminal (G1 domain) and C-terminal (G3 domain) of the protein core, similar to the other members of the lectican family (8, 9) . The G1 domain is characterized by a hyaluronan binding region. The G3 domain consists of epidermal growth factor-like domains, a carbohydrate recognition domain and a complement binding domain. Between G1 and G3 in versican, core proteins are present, where chondroitin sulfate glycosaminoglycan (GAG) side chains attach (8) . There are at least five Knockdown of versican V1 induces a severe inflammatory response in LPS-induced acute lung injury via the TLR2-NF-κB signaling pathway in C57BL/6J mice splice variants of versican, termed V0, V1, V2, V3 and V4, which differ predominantly in the sizes of their core proteins, generated by alternative splicing of the mRNA encoding the two GAG chain binding domains. V0 (is silenced by the same siRNA as V1, as it contains the full length protein encoded by all the exons) and V1 are distributed widely in adult tissues; V1 is the principal proteoglycan found in pulmonary ECM (10) . V2 appears to be expressed only in the central nervous system (11) (12) (13) (14) . The V3 variant is generally expressed at low levels in adult tissues (14) . V4 has been identified as an additional isoform in breast cancer (15) . The G3 domain promotes cell adhesion through its interaction with β1 integrin and activation of focal adhesion kinase (16) . In addition, versican binds with CD44 through its GAG chains or G1 hyaluronan binding domain to promote cell proliferation, migration and adhesion, and enhance the spread of tumors and inflammation (17) (18) (19) . Versican binds to hyaluronan to affect T lymphocyte phenotypes and cytokine secretion (19) . Versican also acts as an endogenous ligand of toll-like receptors (TLRs), generating a rapid inflammatory response (20) . Several reports have shown that, particularly in tumors, V1 is a natural ligand of TLR2. By activating TLR2:TLR6 complexes and inducing tumor necrosis factor (TNF)-α secretion, V1 markedly enhances tumor metastatic growth (21, 22) . Acute lung injury (ALI) is a type of severe inflammatory disease, which is life-threatening and is characterized by inflammatory damage of the alveolar capillary membrane, increased proteinaceous edema and the production of inflammatory cytokines. LPS, a major constituent of the outer membranes of Gram-negative bacteria, has been identified as a pivotal risk factor and prominent stimulus in the pathogenesis of ALI (23, 24) . LPS challenge induces neutrophil infiltrations, triggers acute inflammatory responses and generates early pathological changes in the lungs. The intratracheal administration of LPS in experimental animals is a suitable and reproducible method for investigations involving ALI. The predominant LPS sensor in the host is the TLR superfamily, of which TLR2 and TLR4 are the primary sensors of LPS, acting as transmembrane receptors and signal transduction molecules (25) . On binding with LPS, TLRs activate the nuclear factor (NF)-κB pathway through myeloid differentiation factor 88, resulting in the production of pro-inflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6, recruiting neutrophils in the lung. As the most widely investigated member of the TNF super family, TNF-α is important in the homeostasis and pathophysiology of ALI. LPS administration induces high levels of TNF-α, which exacerbates ALI (26) . TNF-α also downregulates the gene expression of surfactant protein A in lung epithelial cells via the p38 mitogen-activated protein kinase signal transduction pathway, resulting in the loss of lung surfactant (27) .
As versican has complex roles in inflammation, and as V1 is the predominant isoform present in the lungs, the present study hypothesized that V1 is also involved in the modulation of lung inflammation. The present study aimed to investigate the effects of V1 knockdown in ALI. As our previous in vitro study demonstrated that high levels of V1 are expressed in the lungs, and increase further following insult by LPS, it is possible to silence V1 and examine its function in ALI. This may demonstrate that V1 is one of the pivotal regulators in the inflammation of ALI and, therefore establish a novel target for the treatment of ALI.
Materials and methods

Animals.
Male specific pathogen-free C57BL/6J mice (age, 6-8 weeks) were obtained from Shanghai Laboratory Animal Center (SLAC Laboratory Animal Co., Ltd., Shanghai, China). The mice were housed under a 12 h light/dark cycle and at a constant temperature of 22±2˚C with food and water available ad libitum. The mice were allowed to acclimate to these conditions for 7 days prior to initiation of the experiment. All experimental procedures in the present study were approved by the Institutional Ethics Committee of Fudan University (Shanghai, China) and were performed, according to the guidelines for experimental animals developed by Fudan University.
Animal model establishment and sample collection. The male C57BL/6J mice were randomly divided into a normal control group (control; n=6), an LPS-stimulated ALI group (LPS; n=6), a scramble small interfering (si)RNA group (scramble; n=6), a V1-siRNA group (V1-siRNA; n=6), a scramble siRNA and LPS-stimulated group (scramble+LPS; n= 6) and a V1-siRNA and LPS-stimulated group (V1-siRNA+LPS; n=6). On day 1, the mice were anesthetized with tribromoethanol (1.2%; 20 ml/kg; Sigma-Aldrich, St. Louis, MO, USA), and then suspended vertically and intubated with a section of 22G intravenous catheter. The scramble siRNA (5 nmol) and the V1-siRNA modified with cholesterol and methyl (5'-GCA ATT ACC ACC TCA CCTA-3') dissolved in phosphate-buffered saline (PBS), obtained from RiboBio Co., Ltd. (Guangzhou, China), were administered separately in the different treatment groups. On day 3, LPS (1 mg/kg; from Pseudomonas aeruginosa 10; Sigma-Aldrich) or PBS (50 µl per mouse) were administered intratracheally, as described above. All the mice were anesthetized and sacrificed by cervical dislocation on day 4, bronchoalveolar lavage fluid (BALF) was collected using 1.5 ml PBS divided into two volumes, each of which was injected and aspirated repeatedly five times in the trachea through the catheter. Blood samples were also collected, and the lungs were removed. The lung tissues were fixed, using 4% paraformaldehyde (1.0x0.8x0.5 cm; Sangon Biotech, Co., Ltd., Shanghai, China), for hematoxylin and eosin (H&E; Jiancheng Bioengineering Institute, Nanjing, China) and immunohistochemical staining, the rest of the lung tissues were frozen at -80˚C.
Assessments of protein concentration and cell count in the BALF. The recovery of BALF was >85%. The total protein concentration of the BALF was determined using a bicinchoninic acid (BCA) protein assay, according to the manufacturer's protocol (Beyotime Institute of Biotechnology, Haimen, China). For counting of the cells in the BALF, the BALF was centrifuged at 300 x g for 5 min at 4˚C, and the sediment was treated with 200 µl erythrocyte lysate (Yeasen Biotechnology Co., Ltd., Shanghai, China) for 10 min, centrifuged at 300 x g for 10 min at 4˚C, and washed with PBS. Subsequently, 200 µl PBS was added to resuspend the cells, which were then counted under an inverted microscope (Eclipse TS100-F; Nikon Corporation, Tokyo, Japan).
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was isolated from the lung tissues using an Ultrapure RNA kit (CW Biotech Co., Ltd., Peking, China), according to the manufacturer's protocol. Total RNA (500 ng) was transcribed and cDNA was synthesized according to the manufacturer's protocol (Shanghai Yeasen Biotechnology Co., Ltd., Shanghai, China). Hieff TM qPCR SYBR ® Green Master mix (Shanghai Yeasen Biotechnology Co., Ltd; 10 µl Master Mix, 0.4 µl Forward Primer (10 mM), 0.4 µl Reverse Primer (10 mM), 1 µl cDNA and 8.2 µl ddH 2 O) was used, and qPCR was performed, according to the manufacturer's protocol, using the Master Cycler ep realplex PCR system (Eppendorf, Hamburg, Germany). The cycling conditions were as follows: 95˚C for 5 min (pre-denaturation), 95˚C for 10 sec, 60˚C for 30 sec (40 cycles), 95˚C for 15 sec, 60˚C for 60 sec and 95˚ for 15 sec (melting). The expression levels of target mRNAs were normalized to that of GAPDH using the 2 -ΔΔCq method (28) . The primer pairs (Sangon Biotech, Co., Ltd.) used were as follows: V1, forward 5'-GCT GTA AAC GTC GAT TGA GTG-3' and reverse 5'-TCT TCA CTG CAA GGT TCC TC-3'; GAPDH, forward 5'-CAT GGC CTT CCG TGT TCC TA-3' and reverse 5'-GCG GCA CGT CAG ATC CA-3'; TNF-α, forward 5'-CCT GTA GCC CAC GTC GTAG-3' and reverse 5'-GGG AGT AGA CAA GGT ACA ACCC-3'; IL-6, forward 5'-TCCAGTTGCCTTCTTGGGAC-3' and reverse 5'-GTGTAATTAAGCCTCCGACTTG-3'; TLR2, forward 5'-GCG GAC TGT TTC CTT CTG AC-3' and reverse 5'-CCA AAG AGC TCG TAG CAT CC-3'; and TLR4, forward 5'-CAG CAA AGT CCC TGA TGA CA-3' and reverse 5'-AGA GGT GGT GTA AGC CAT GC-3' .
Immunohistochemistry. Immunohistochemistry was performed using the paraffin (Beyotime Institute of Biotechnology)-embedded tissue sections [size, 4 µm; sliced using a Microtome (5,000 smz) from Campden Instruments Ltd., Loughborough, England] mounted on glass slides. The slides were deparaffinized and rehydrated. Antigens were retrieved using 10 mM citrate solution (Beyotime Institute of Biotechnology) and a microwave oven on high heat for 3 min, and a medium heat for 12 min, and then blocked using 10% bovine serum albumin (Beyotime Institute of Biotechnology) for 30 min at room temperature. The slides were then immunostained using the following primary antibodies at 4˚C overnight: Monoclonal mouse anti-human versican (#MABT161; 1:100; EMD Millipore, Billerica, MA, USA), polyclonal rabbit anti-human phosphorylated (p)-P65 [(Ser 536 ); #11014; 1:150; Signalway Antibody LLC, College Park, MD, USA], polyclonal rabbit anti-human TLR2 (#BA1716) and TLR4 (#BA1717) (1:100; Wuhan Boster Biological Technology Co., Ltd., Wuhan, China). This was followed by incubation with horseradish peroxidase(HRP)-conjugated goat anti-mouse and rabbit secondary antibody (#CK500605A; GeneTech, Shanghai, China) for 1 h at room temperature. Diaminobenzidine (GeneTech) reactions were performed, and the slides were reacted with hematoxylin for 30 sec, washed with running water, dehydrated in a graded series of ethanol and xylene (Sangon Biotech, Co., Ltd.), then mounted with a coverslip. The immunoreactivity was observed and images were captured under an inverted microscope (Eclipse TS100-F).
Western blot analysis. Total protein was extracted from the lung tissues using cold lysis buffer (Beyotime Institute of Biotechnology), and concentrations were measured using a BCA protein assay. The samples (30 µg/sample) were separated by 10% SDS-PAGE (Beyotime Institute of Biotechnology) and transferred onto polyvinylidene fluoride membranes (EMD Millipore). The membranes were blocked with skimmed milk, and incubated overnight at 4˚C with the following primary antibodies: Anti-TLR2, TLR4 and GAPDH (monoclonal; 1:1,000; Wuhan Boster Biological Technology Co., Ltd.). The membranes were incubated with HRP-conjugated secondary antibodies (1:1,000; Beyotime Institute of Biotechnology). The immunoreactive signals were visualized using an enhanced chemiluminescence detection system (Beyotime Institute of Biotechnology).
Enzyme-linked immunosorbent assay (ELISA).
The lung tissues were homogenized with saline and centrifuged at 12,000 x g for 20 min at 4˚C, and the resulting supernatants were used as homogenates, with the other samples being BALF and plasma. For the ELISA analysis, IL-6 and TNF-α Statistical analysis. SPSS 20.0 software (IBM SPSS, Armonk, NY, USA) was used for data analysis. Data are expressed as the mean ± standard division. Comparisons among three or more experimental groups were performed using one-way analysis of variance. Significant differences between groups were analyzed using Student's t-test or a Mann-Whitney U test, when appropriate. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression of V1 increases in the ALI mouse model.
The expression of V1 was increased in the ALI mouse model. The mRNA (Fig. 1A) and protein (Fig. 1B) expression levels of V1 were altered by LPS. The mRNA expression of V1 was increased >4-fold, and the immunohistochemical analyses of the lung tissues confirmed that a higher level of V1 was expressed following ALI (Fig. 1B) .
Lung injury is aggravated by V1-siRNA.
In order to investigate the role of V1 in ALI, V1-siRNA was administered in the lungs to inhibit V1. The levels of transcription decreased in the V1-siRNA group by >50%, compared with the control group, whereas no significant differences were observed between the control and scramble siRNA groups ( Fig. 2A) . The changes in the protein expression levels of V1 were in accordance with those of mRNA, which were confirmed using immunohistochemical staining (Fig. 2B-D) . Injury to the mouse lung tissues was also investigated, as described previously (29) in the H&E-stained sections. The lung injury score in the V1-siRNA+LPS group was significantly higher, compared with those in the control, LPS, scramble+LPS groups ( Fig. 2E-H) . Fig. 2I shows histograms of the scores. Cell count and total protein concentration in the BALF were also detected. Consistent with the lung injury scores, the cell count and protein concentration were higher in the V1+LPS group ( Fig. 2J and K) .
V1 knockdown-associated inflammatory aggravation is associated with activation of NF-κB and deregulated release of TNF-α and IL-6.
Although levels remained stable prior to LPS stimulation in the control, scramble and V1-siRNA groups (Fig. 3A-C) , marked NF-κB signaling pathway activation was induced by LPS in the V1-siRNA group, compared with the control and scramble siRNA groups (Fig. 3D-F) . Several cytokines were detected in the present study (data not shown), TNF-α was found to be negatively correlated with V1. The mRNA expression of TNF-α was increased by LPS, however, V1 knockdown exhibited more marked transcriptional activity, compared with the other treatment groups (Fig. 3G) . The protein levels of TNF-α also increased significantly in the lung tissue homogenates, BALF and plasma (Fig. 3H-J) . The expression of IL-6 increased, but the significant difference between the LPS and V1-siRNA+LPS groups was only observed in the plasma samples (Fig. 3G-J) .
V1 knockdown induces the expression of TLR2, but not TLR4.
The expression of TLR2 was increased in the V1 knockdown group, however, no notable changes were observed in the control and scramble siRNA groups (Fig. 4A-C) . No significant differences were found in the expression levels of TLR4 among the groups (Fig. 4D-F) . The mRNA expression of TLR2, but not TLR4, increased in the V1 knockdown group, which was consistent with the changes observed in the mRNA and protein expression levels ( Fig. 4G and I ).
Discussion
Previous reports have indicated that secreted proteoglycans act as signaling molecules; in various inflammatory diseases and in response to LPS, activated macrophages synthesize and secrete versican (30) (31) (32) (33) and, according to the results of the present study, LPS induces V1 secretion in the lungs. It appeared that V1 increase was not only confined to macrophages, but spreads all over the lungs. The present study found that LPS also induced the expression of V1 in lung fibroblasts and A549 cells in vitro (data not shown), which supports the for the regulation of versican in different situations, such as cancer, inflammation, and growth and development. V1 is also modulated by micro (mi)RNAs, and myocardin represses V1 through the induction of miR-143 in smooth muscle cells (35) . Activation of the NF-κB pathway was more marked following V1 knockdown, which may be the predominant reason for the deregulated TNF-α and IL-6 release, and aggravated immune reactions. NF-κB signaling-induced TNF-α synthesis is now widely accepted, in which the κB subunit binds to the 5'-untranslated region of TNF-α to promote gene transcription (36) . The present study suggested two possible reasons for alterations in TNF-α levels, one of which is the direct release from local affected cells, as V1-siRNA and LPS can be taken up by epithelial cells, macrophages and fibroblasts, which are all sources of TNF-α. The second is that, in LPS-insulted lung fibroblasts, V1 knockdown increases the production of IL-6 and IL-8 (data not shown), and these cytokines in vivo may stimulate macrophages to release TNF-α in a paracine manner. The present study examined TNF-α, IL-6, IL-8 and myeloperoxidase (data not shown), however, only TNF-α increased significantly in all samples.
The activation of NF-κB occurs via signaling through the TLR superfamily and its adaptors, and the pro-inflammatory function of proteoglycans is always associated with TLR2 and TLR4 (20) . Therefore, the present study examined the levels of TLR2 and TLR4 in the lung sections. Of note, the level of TLR2 increased markedly, unlike TLR4. Versican derived from Lewis lung carcinoma cells has been shown to interact with TLR2 and its co-receptors, TLR6 and CD14, on macrophages, inducing the secretion of TNF-α and IL-6, indicating the association between the tumor and its pro-metastatic microenvironment (20) (21) (22) 37) . Versican also binds with TLR2 on ovarian tumor cells to stimulate tumor cell proliferation (38) . Although the present study is the first, to the best of our knowledge, to show that V1 knockdown can induce the expression of TLR2, it is understandable as, being a natural ligand of TLR2, a decreases in versican may lead to an increase in TLR2 in response. However, the exact mechanism requires further investigation. The TLR2 promoter contains binding motifs of several transcription factors; a series of 5'-truncated TLR2 promoter-luciferase constructs are required for further investigation of the reasons for TLR2 synthesis. The canonical LPS sensor is TLR4, however, the present study found minimal changes in TLR4 in the lungs, thus not providing an explanation for the severe reaction in the V1-knockdown mice. The upregulation of TLR2 may, at least partially, provide an explanation. The present study hypothesized that, as proteoglycan binds with TLR2 on cells, as a type of comparative competitor of other pathogen-derived ligands, a decrease in proteoglycan may increase the release of receptors for LPS on the cell surface and result in a more severe reaction. However, as far as we know, certain types of proteoglycans interact with TLR2/4 and a second TLR, which is not involved in pathogen sensing, thereby exacerbating the host response to microbial invasion (20) . Prior to LPS insult, this complex may exist on the cell surface, and increase further following TLR2 increase, acting as a latent threat to cell homeostasis. Following the synchronous upregulation of TLR2 and LPS stimulation, a marked inflammatory reaction occurs, however, further investigations are required to elucidate the consequences of LPS/versican and TLR interactions on TLR signaling (Fig. 5) .
Inhibiting the expression of versican in cancer cells inhibits the inflammation associated with these tumors (21, 22, 39) . However, the mouse ALI model is a non-cancerous model, and the mechanisms of ALI are complicated. Due to activated NF-κB and increased TNF-α, the total immune reaction is more marked. The present study demonstrated that the same condition existed in the V1 knockdown fibroblasts in vitro (data not shown). The anti-inflammatory effect of proteoglycan has also been confirmed in human uterine cervical fibroblasts, in which primary cervical fibroblasts were treated with proteoglycan and LPS concomitantly, and significant decreases in IL-6 and IL-8 were observed (40) .
The present study provided novel evidence of V1 modulating inflammation in the lungs and indicated its potential regulatory role in V1-TLR2 interactions. Further investigations are required to investigate the mechanisms involved in the upregulation of TLR2, and the effects of LPS/versican and TLR interactions on TLR signaling.
